Abstract Hypoxia is emerging as a major threat to marine coastal biota. Predicting its occurrence and elucidating the driving factors are essential to set successful management targets to avoid its occurrence. This study aims to elucidate the effects of warming on the likelihood of hypoxia. Highfrequency dissolved oxygen measurements have been used to estimate gross primary production (GPP), net ecosystem production (NEP) and community respiration (CR) in a shallow macroalgae (Caulerpa prolifera) ecosystem in a highly , respectively. The higher GPP and CR were calculated for the same day, when daily averaged water temperature was 28.3°C, and resulted in a negative NEP of −56.4 mmol O 2 m −2 day −1
Introduction
Dissolved oxygen is an important property in the aquatic ecosystems (Odum 1956; Venkiteswaran et al. 2007 ) because most metazoans require high dissolved oxygen concentrations (Vaquer-Sunyer and Duarte 2008 ). Yet, oxygen cycling is particularly sensitive to eutrophication (Paerl 2006 ) and climate change (Conley et al. 2009 ). Indeed, no other environmental important variable has changed so drastically in such a short period of time as dissolved oxygen (Diaz 2001; Diaz and Rosenberg 1995) .
Dissolved oxygen concentration is controlled by multiple factors, such as air-water exchange and aquatic metabolism, among others. Aquatic metabolism is a key factor affecting changes in dissolved oxygen in coastal ecosystems, which are dependent on the net balance between oxygen production through gross primary production (GPP) and consumption through community respiration (CR). Elucidating ecosystem metabolism is, therefore, essential to understand oxygen and carbon dynamics. The observation of oxygen dynamics can allow metabolic processes to be recovered and estimated (Odum 1956 ). The use of oxygen probes and loggers to derive ecosystem metabolism is a widespread approach to estimate river and lake ecosystem metabolism (Cole et al. 2000; Coloso et al. 2008) but has been applied to a much more limited stage in coastal waters (Odum and Hoskin 1958; Odum and Wilson 1962; Ziegler and Benner 1998) .
However, this approach has potential beyond the elucidation of ecosystem metabolism, as multiparametric probes record other properties, such as temperature, that are believed to play a key role in controlling oxygen dynamics. Indeed, water temperature affects air-sea fluxes by affecting oxygen solubility and affects oxygen dynamics by affecting ecosystem metabolism (Brown et al. 2004 ). Indeed, both community respiration and gross primary production are expected to increase with increasing temperature (Brown et al. 2004 ), but community respiration is expected to show a steeper response to increased temperature than gross primary production does (Harris et al. 2006) . Warming, which reduces the solubility of oxygen and increases metabolic oxygen consumption over production, is therefore expected to affect the likelihood of hypoxia in coastal ecosystems (Conley et al. 2009 ). However, predictions that temperature should affect the metabolism and likelihood of hypoxia of coastal ecosystems rely largely on model calculations, with limited empirical tests. The likelihood of hypoxia is also greater in semienclosed bays with limited exchange with coastal waters and eutrophic coastal environments, where increased nutrient inputs lead to enhanced organic production and oxygen demand (Karim et al. 2003; Zhang et al. 2010) .
Here, we use continuous oxygen and temperature records in a shallow, impacted Mediterranean Bay (Portocolom, Majorca Island, W. Mediterranean) to test the predicted temperature dependence of ecosystem metabolism and the likelihood of hypoxia.
Materials and Methods

Study Area
The study was conducted in Portocolom, a human-influenced semi-enclosed bay, southeast of the island of Majorca (39°25′ 04″ N, 3°15′40″ E, Fig. S1 , Supplementary Material). The study area was located at the Western area of the bay, protected from storms by land. The sampling area is covered by a Caulerpa prolifera meadow growing on muddy sediment. Portocolom is a highly human-influenced area, receiving important amounts of organic matter though groundwater discharge (Basterretxea et al. 2010) and from deficient sewage systems. The bay is highly impacted by nutrient and organic inputs from the surrounding town, boating activity and fish farming. Cages for fish farming were installed in 1983 and used until 2005. From 1983 to 2000, juveniles of greater amberjack (Seriola dumerili) were raised. Farming of European sea bass (Dicentrarchus labrax) and gilt-head bream (Sparus aurata) were added in 1988 and continued until 2005.
C. prolifera (Forsskal) Lamouroux, 1809, is an opportunistic Mediterranean native species, widely distributed throughout the Mediterranean Sea, with the exception of the colder areas, such as the Gulf of Lions and the Adriatic Sea (Sanchez-Moyano et al. 2001) . This macroalgae thrives particularly in sheltered, muddy sediments shallower than 20 m (Mateu-Vicens et al. 2010; Sanchez-Moyano et al. 2001) , such as those present in Portocolom. C. prolifera is a fast-growing macroalgae, which has spread in the study area during the past decades due to increased nutrient loading of the bay (Holmer et al. 2004 ).
Continuous Oxygen and Temperature Records
Continuous records of oxygen, temperature and salinity were derived using two different types of multiparametric probes, a Eureka Manta® multiprobe fitted with a Clark cell dissolved oxygen (DO) sensor and a Hydrolab DS5X fitted with a Hach Luminescent Dissolved Oxygen sensor (Hach LDO™), and a central cleaning system to avoid fouling in the DO sensor. All probes were calibrated in water-saturated air prior to deployment. Both probes had temperature sensors, which were calibrated against a handheld Pt 100 Platinum high-precision digital thermometer (model 6-109-81.2450; accuracy, ±0.01°C).
Probes were deployed at a 2.8-m depth in the Bay close to a mooring block to avoid possible damage by anchoring. Nevertheless, one of the multi-probes was lost due to anchoring, and two of them were flooded during deployments, leading to some gaps in data coverage.
Samples for dissolved organic carbon (DOC) were taken monthly from surface and bottom waters. DOC measurements were performed on 10-ml water samples sealed in precombusted glass ampoules (450°C for 5 h) and kept acidified (pH 1-2) until analysis by high-temperature catalytic oxidation on a Shimadzu TOC-5000A. Standards of 44-45 and 2 μmol C l −1 , provided by D.A. Hansell and Wenhao Chen (Univ. of Miami), were used to assess the accuracy of the estimates.
Metabolic Rates
Metabolic calculations follow Cole et al. (2000) , using a program written by Coloso et al. (2008) and modified for our application, and implemented in MATLAB (version 7.5, the Mathworks Inc.). Changes in DO over 15-min intervals were assumed to result from three processes: net ecosystem production (NEP 0 GPP − CR), diffusive exchange with the atmosphere (D) and other inputs and outputs of DO (A) such as flux between water layers and lateral flows.
Diffusion with the atmosphere is regulated by the difference in DO concentration relative to atmospheric equilibrium (DO sat) and the air-sea gas transfer velocity for oxygen (k) at a given temperature.
where D can be either negative (removal of DO from the system) or positive (addition of DO to the system). Wind speed measured on the bay at 10-min intervals was used to predict k 660 following Cole and Caraco (1998) and Kihm and Kortzinger (2010) . k was calculated from k 660 using the Schmidt number equations for seawater of Wanninkhof (1992) . The models proposed by Kihm and Kortzinger (2010; quadratic, cubic and quartic) enclose most of the models reported in literature for low wind velocities. Indeed, the cubic model proposed by Kihm and Kotzinger equals the model proposed by Wanninkhof and McGillis (1999) for short-term winds. Therefore, we use here the cubic model by Kihm and Kotzinger (2010) for most calculations and the other models to estimate uncertainties associated to the choice of the k model. During the night, in the absence of sunlight, no photosynthetic production occurs, so that the only metabolic rate operating is respiration, R, which can then be extracted from the rate of change in O 2 , corrected for other fluxes, at night (NEP at night 0 R). R was derived from oxygen changes measured from 1 h past sunset to 1 h before the sunrise. During the day, in the presence of solar radiation, NEP is the result of the balance between GPP and R. NEP was then calculated from the rate of change in DO from sunrise to sunset, corrected for other processes. During the day, R cannot be measured directly, and we assumed that daytime R equals that calculated during the night. GPP was then estimated by the addition of NEP and R calculated during daytime. The assumption of equal R rates during day and night can lead to underestimates of R and, therefore, GPP, because there is evidence that respiration rates are likely to be higher during daylight than during the night (Grande et al. 1989; Pace and Praire 2005; Pringault et al. 2007 ), but would not bias NEP estimates (Cole et al. 2000) . In order to derive daily metabolic rates, individual estimates of GPP, NEP and R resolved at 15-min intervals were accumulated over each 24-h period during deployments.
Temperature Dependence of Oxygen Dynamics and Metabolic Rates
Dissolved oxygen data were grouped in 1°C temperature bins, and the frequency distribution of DO at each 1°C bin was examined. Quantile regression was used to describe the temperature dependence of the probability distribution of DO at different temperatures. The response of DO to temperature was described by fitting the relationship between the 99, 95, 50 (median), 5 and 1 % quantiles of the distribution of oxygen concentration and water temperature. Quantile regression estimates multiple rates of change (slopes), from the minimum to maximum response, providing a more thorough description of the relationships between variables, which are missed by other regression methods focused on prediction of the mean value (Cade and Noon 2003) .
The probability of hypoxia was calculated as the fraction of DO measurements below hypoxia thresholds, examined both for individual months and 1°C water temperature bins. The calculation of this probability is independent from the calculated metabolic rates, as only DO values are used in the computation. The DO thresholds for marine benthic organisms used to designate waters as hypoxic are temperature dependent, increasing with temperature at an average rate of 0.06 mg O 2 l −1°C−1 (Vaquer-Sunyer and Duarte 2011). We thus calculated, for each day, the threshold of hypoxia by increasing the threshold at a rate of 0.06 mg O 2 l −1°C−1 of mean daily temperature and considering a baseline threshold for hypoxia of 3.5 mg O 2 l −1 (Steckbauer et al. 2011 ) for the mean temperature of the bay (22°C). We also calculated the maximum duration of periods under continuous hypoxia for each 1°C temperature bin for each month. The temperature dependence of metabolic rates was described by the activation energies for R and GPP (E a , units in electron volts), derived from the slope of an Arrhenius plot of the natural logarithm of respiration rate or GPP against the inverse of the temperature (Kelvin) multiplied by Boltzmann's constant. Q 10 (the relative rate of increase in the metabolic rate expected for a 10°C temperature increase) was calculated using the equation proposed by Raven and Geider (1988) 
, where R is the gas constant (8.314472 mol
, T is the mean absolute temperature across the range over which Q 10 was measured (K) and E a is the activation energy (in joules per mole). E a is derived from the slope of the Arrhenius equation relating the natural logarithm of respiration rates (or GPP, in millimoles of O 2 per square metre per day) to 1/kT, where k is Boltzmann's constant (8.62 ×10 −5 eV k −1 ) and T is the temperature (Kelvin). The slope of this relationship is the activation energy (E a ) in electron volts, which was converted to joules per mole using a conversion factor of 96,486.9.
Statistical analyses were performed using JMP 7.02 for simple regression analyses and ANOVA, and R for quantile regression. , with 88 % of the days showing negative NEP values (Fig. S2 , Table 2 ). Monthly averaged metabolic rates are summarized in Table 3 and Fig. 1 . In general, the highest metabolic rates were found in summer (Table 4 ). The average DOC in both bottom and surface waters were positively correlated with monthly averaged GPP (R 2 00.92, p<0.0002, and R 2 00.85, p<0.01, respectively; ), respectively, derived from the slope of the Arrhenius plot of each metabolic rate ( Fig. 2a and b) . Calculated Q 10 values for GPP and community respiration were 2.17 ± 0.25 and 1.46 ± 0.11, respectively.
The examination of DO frequency distribution for bins of 1°C revealed that the probability of finding lower oxygen content increased with increasing temperature (Fig. 3) . Oxygen content varied with water temperature (Fig. 3 and S4) , with low temperatures having a narrower DO range and DO that tends to be higher than that for high water temperatures. At the low range of water temperature, the DO range is narrow, with most values around 100 % sat. At higher temperatures, DO range increases progressively, and DO values tend to be lower. When water temperature rises to 30°C, the frequency distribution of DO is restricted again, as well as in the lower range of temperatures, but with lower DO values, around 70-80 % saturation.
Oxygen concentrations varied with water temperature (Fig. S4) , with both the 5 and 95 % quantiles of DO increasing with increasing temperature, indicating that the range of DO tends to increase with increasing temperature. Indeed, the increase in the range, as the 90 % interquantile, with increasing temperature can be calculated as the difference between the slope of the fitted 95 and the 5 % quantile regression equations (Fig. S4) , equivalent to 4.8 % sat. DO°C Considering an average threshold of oxygen concentration for hypoxia of 3.5 mg O 2 l −1 (Steckbauer et al. 2011) , the highest probability of hypoxia of 0.07 was found at 29°C (Table S1 ) while hypoxic conditions did not occur when water temperature was lower than 22°C. The probability of finding hypoxic conditions increased linearly with increasing temperature following the relationship: probability of hypoxia0−0.04+ 0.002 (±0.0008) temperature (in degrees Celsius) (R 2 00.31, p<0.02, N018). However, the threshold of oxygen concentration for hypoxia for marine benthic organisms is not constant, but increases linearly with water temperature at a rate of 0.06 mg O 2 l Allowing for the DO used to designate waters as hypoxic to increase with increasing temperature at that rate yields a steeper increase in the probability of hypoxic conditions with increasing water temperature at a rate of 0.39 %°C −1 (±0.14 %°C −1 ) (R 2 00.31, p < 0.02, N 018). Using the temperature-dependent definition of thresholds of oxygen for hypoxia derived in Vaquer-Sunyer and Duarte (2011) results in much higher probability of hypoxia, with the maximum probability being 0.15 at 29°C (Fig. 4) , for a The probability of hypoxia was highest in August, when water temperatures were highest (Fig. 4, Table S1 ), followed by June and October.
The maximum duration of hypoxic conditions also increased with increasing temperature (Fig. 4) as described by the relationship maximum hypoxia duration (in minutes) 0−215.5 + 13.5 (±4.2) temperature (in degrees Celsius) (R 2 00.40, p <0.006). The maximum continuous time under hypoxic conditions was, when using a fixed threshold of hypoxia of 3.5 mg O 2 l −1 (Steckbauer et al. 2011) , 390 min (6.5 h), observed on August 23, when water temperature was 28.96°C, but the total length of time the community remained exposed to hypoxic condition that day reached 420 min (7 h). When using the temperature-dependent threshold, the maximum continuous time under hypoxia was calculated to be 600 min (10 h, Fig. 4) . The maximum continuous time under hypoxia increased linearly with water temperature at a rate of 19.8 min°C −1 (±5.9 min°C −1 ) (R 2 00.42, p<0.004, N018). The maximum continuous duration of hypoxia was found in August when the community remained under hypoxic conditions from 11:20 pm of August 22 to 9:20 am of August 23.
Discussion
The community studied showed a prevalence of net heterotrophic conditions during the studied period with a negative mean calculated NEP for the studied period (−121.8 ± 11.1 mmol O 2 m −2 day −1
), indicating that the ecosystem was net heterotrophic, with respiration rates exceeding ecosystem primary production. Although the studied period did not cover the full year, lacking the months of March and April, we suggest that the ecosystem was net heterotrophic at the annual scale. In fact, soon after the study was concluded, an algal bloom occurred in April 2010, leading to a severe hypoxic event, with oxygen concentration in bottom waters ranging from 0.9 to 1.3 % saturation (i.e. from 0.07 to 0.09 mg O 2 l −1 ) between April 26 and 27. Moreover, large areas of sediments were observed by SCUBA diving to be covered by large amounts of dead decaying algal biomass. Net heterotrophy was probably subsidized by organic carbon inputs from ground waters and/or by organic inputs from the surrounding town and boating activity, as reflected in the strong correlation between DOC concentration, which reached relatively high values in the bay, and community respiration.
Uncertainties in the metabolic rates are partially dependent on uncertainties in the estimation of k, as there is a diversity of parameterizations to calculate k. The mean error associated with the use of different k models varied from 5 % error in the case of GPP estimates to 11 % error for NEP estimates. However, these errors are small relative to the diel variability All the rates are expressed in millimoles of O 2 per square metre per day. The letters indicate the results of the Tukey HSD test, whereby the metabolic rate did not differ significantly from seasons with the same letter 2 Arrhenius plots showing the relation between the natural logarithm of a gross primary production rates (GPP) and b community respiration rates (CR) versus the inverse of the temperature in degrees Kelvin multiplied by Boltzmann's constant (1/kT) for the daily averaged metabolic rates and temperatures in metabolic rates and have little impact on the mean monthly metabolic rates and mean metabolic rates over the studied period, which were, therefore, relatively insensitive to the choice of k parameterization (see Fig. S2 , supplementary material). Moreover, from our results, it can be concluded that in the studied area, with a depth of 2.8 m, variability derived from atmosphere-water gas transfer was small compared to other sources of variability. GPP and CR rates were significantly higher in spring and summer than in winter and fall, with the highest values during summer (Table 4) . DOC increased linearly with GPP (Fig. S3a) , and DOC concentrations increased in summer, when the population resident in Portocolom watershed increases fourfold. The high increase in human population in Portocolom during summer months is associated with an increase in the nutrients and organic matter inputs to the bay. Moreover, algae are known to release important amounts of dissolved organic carbon . Various processes may be responsible for that release of organic compounds including excretion, lysis, leaching and shedding of algal debris (Barron and Duarte 2009; Cole 1982; Wada et al. 2007) . Therefore, the relatively high DOC values in the bay can be derived from both anthropogenic inputs and DOC released by benthic algae.
Here, we report increasing community respiration rates with increasing DOC content in both surface and bottom (Fig. S3b) , consistent with previous results (Hopkinson and Smith 2005; Kemp et al. 1997) . Our results suggest that community respiration is driven by the release of bio-labile DOC. This finding is consistent with recent observations of the important role of organic matter released by benthic algae in microbial oxygen consumption . Indeed, Holmer et al. (2004) suggested that C. prolifera, the dominant benthic primary producer in Portocolom, is an important source of organic carbon in the ecosystem. Holmer et al. (2004) observed enhanced mineralization rates in Portocolom sediments colonised by C. prolifera, suggesting that the detritus they produce is highly labile for sediment bacteria. High sulphate reduction rates have also been reported in C. prolifera stands in Portocolom, suggesting that high abundance of C. prolifera stimulates benthic sulphate reduction rates (Holmer et al. 2009 ).
Temperature strongly affects metabolic rates (Caffrey 2004; Hopkinson and Smith 2005) . Calculated Q 10 value for GPP was higher than for CR (2.17±0.25 and 1.46±0.11, respectively). These results contrast with most Q 10 values reported in literature (e.g. Lefevre et al. 1994; Robinson and Williams 1993; Vaquer-Sunyer et al. 2010; Yvon-Durocher et al. 2010 ) and do not support the higher Q 10 values for respiration than for production predicted by the Metabolic Theory of Ecology (MTE, Brown et al. 2004 ). However, a comparative analysis of pelagic community metabolism in the open ocean does yield results consistent with the MTE theory (Regaudie de Gioux and Duarte 2012), suggesting that the stronger temperature dependence of CR compared to GPP may not apply to benthic-dominated systems.
Global warming will probably lead to a higher probability of seawater temperatures above 30°C and thus increase the periods when C. prolifera photosynthesis is inhibited (Lloret et al. 2008) , affecting ecosystem GPP responses to warming. Dense, active assemblages of benthic macrophytes remove nutrients from the water column or from the sediments, often depleting nutrient concentrations in the overlying waters (Grall and Chauvaud 2002) , thereby increasing the resistance of ecosystems to eutrophication (Duarte 1995; Lloret et al. 2008 ). Decreased C. prolifera photosynthesis in summer, when water temperature exceeds 30°C, is expected to reduce its nutrient uptake possibly allowing phytoplankton proliferation in the bay as nutrients become available. Reduced C. prolifera activity may also affect heterotrophic processes in the benthic compartment, which are greatly enhanced in the presence of active C. prolifera communities (Holmer et al. 2004 (Holmer et al. , 2009 ). Provided seawater temperatures above 30°C are already observed; the extent of warming of Portocolom Bay has already brought the ecosystem near a tipping point, where slight warming would probably inhibit C. prolifera photosynthesis and compromise ecosystem capacity to capture nutrients.
At the low range of water temperature in the bay, the biological activity is depressed, resulting in low community respiration rates and gross primary production ( Fig. 3 and S4 ) At higher temperatures, the range of oxygen concentration increased progressively, and DO values tended to be lower. Both respiration rates and primary production are enhanced with increasing temperature, leading to low oxygen concentration during the night, when only respiration occurs, and high oxygen content during the day due to high primary production rates. The range of dissolved oxygen is also narrower, but with a lower mean temperature at around 70-80 % saturation at the highest temperature, 30°C, reached in the bay. This high temperature is a recent phenomenon in the Balearic Islands, where maximum water temperature has increased from a mean value of 26.5°C over the late twentieth century to temperature approaching 30°C during the first decade of the twenty-first century (Marbà and Duarte 2010 ). Thus, it is possible that the thermal window of most of the organisms in the Portocolom community is exceeded at the maximum temperature reached, which has been shown to be associated with enhanced mortality of the Mediterranean seagrass Posidonia oceanica (Marbà and Duarte 2010) and C. prolifera photosynthesis decrease (Lloret et al. 2008) . Thus, at the highest temperature reached, the metabolic rates would be restricted. Water temperature at 30°C was only found during daytime; at night, temperatures were always lower than 30°C, so the lack of low oxygen values at 30°C can be also attributed to the absence of night-time measurements in that temperature bin.
The probability of encountering hypoxic conditions in Portocolom increased linearly with increasing temperature, but this increase was not monotonic, with waters at 26, 27 and 28°C having lower probability of hypoxia than waters at 25°C. The probability of hypoxia was greater in June than July, likely because during June, the water temperature increased steeply, from 21.2°C on the 1st of June to 26.5°C on the 20th of June. Sudden temperature increase produces stress in the organisms, causing an increase in respiration rates. In July, water temperature did not increase as fast as it did in June, allowing C. prolifera to acclimatize (Terrados and Ros 1992) , increasing production rates, and avoiding hypoxic conditions. August, with a monthly averaged water temperature of 28.2°C, was the warmest month of the year and had the highest probability and the highest continuous duration of hypoxia, with the community remaining under hypoxia over 10 h in the nights of the 22nd and 23rd of August. During September, high precipitation rates lead to floods in the studied area. Most measurements of this month were lost due to the difficulties in diving to recover the instruments in brown waters with large loads of resuspended sediments. In October, when improvement of water transparency allowed diving again, low oxygen conditions were found, with a probability of hypoxia of 0.02 and monthly averaged water temperature of 22.2°C.
Warming decreases oxygen solubility, as solubility of gases is temperature dependent (Carpenter 1966 ) and increases respiration rates (Jones 1977) , as temperature plays a fundamental role in regulating metabolic processes (Iriberri et al. 1985) . Warming also affects the response of marine organisms to hypoxia, reducing survival times of marine benthic macrofauna under hypoxia and increasing the oxygen thresholds for hypoxia-driven mortality (Vaquer-Sunyer and Duarte 2011). Warming is thus expected to have broad negative consequences on benthic fauna, as the organisms will have higher oxygen requirements at higher temperature while less oxygen will be available. Hence, further warming will greatly increase the likelihood and duration of hypoxic and anoxic events.
Global warming triggers, therefore, a cascade of responses increasing the likelihood of hypoxia, with their associated negative consequences for marine life, and may thus have catastrophic consequences in the bay, as well as in other similar Mediterranean bays.
